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Abstract 
There are three human pathogenic species of the genus Yersiniae: Yersinia 
pestis, Yersinia enterocolitica, and Yersinia pseudotuberculosis. To cause 
disease, these strains inhibit several key innate defense mechanisms, 
including phagocytosis, the critical process for bacterial clearance. The 
ability of Yersinia to evade the immune defense is dependent on delivery of 
virulence effectors, Yersinia outer proteins (Yops), into the interacting cell 
by a mechanism involving the type III secretion machinery. We have shown 
that the virulence protein YopK plays an important role in the control of Yop 
effector translocation via a feedback mechanism involving another virulence 
protein, YopE. We also found that YopK participated in regulation of Yop 
effector translocation by modulating level and ratio of the pore-forming 
proteins YopB and YopD in the target cell membrane. Further, using a yeast 
two-hybrid screen with YopK as a bait, the eukaryotic protein RACK1 was 
identified as a target for this virulence protein. We found that RACK1 was 
engaged upon Y. pseudotuberculosis-mediated β1-integrin activation, where 
it was recruited to phagocytic cups. Downregulation of RACK1 by RNAi 
resulted in a reduced ability of Y. pseudotuberculosis to block phagocytosis, 
indicating that RACK1 is required for efficient Yersinia-mediated 
antiphagocytosis. Based on our data, we suggest a model where Yersinia, via 
YopK, targets RACK1 to ensure a directed delivery of the Yop effectors to the 
“right place” where they bind to and inactivate their targets, resulting in 
efficient inhibition of phagocytosis.   

A yopK mutant strain over-delivers Yop effectors, but is still avirulent in 
mice, indicating that YopK is important for the fine-tuning of effector 
protein delivery during infection. To analyse this, we investigated the 
importance of YopK during in vivo infection. We found that a yopK mutant 
colonized Peyer’s patches and the mesenteric lymph node more rapidly 
compared to wild-type Y. pseudotuberculosis, but was unable to spread 
systemically to liver and spleen and cause full disease in mice. Further, we 
showed that a yopK mutant was able to colonize liver and spleen and cause 
full disease in mice lacking the main phagocytes, polymorphonuclear 
leukocytes (PMNs). We also showed that YopK was important for Yersinia-
mediated silencing of the PMN response.  

To summarize, we suggest that YopK is important for Yersinia to evade 
the PMN defense and thereby spread systemically and cause disease. YopK is 
proposed to do this by allowing a controlled, directed Yop effector delivery 
that is just sufficient to inhibit host immune defense mechanisms. The 
controlled and precise delivery of virulence effectors avoids inappropriate 
triggering of PMNs and thereby an enhanced immune response favoring the 
host. 
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Introduction 

The Yersinia genus 
The Yersinia genus of bacteria was named in honor of the Swiss 
bacteriologist Alexandre Yersin who 1894 was the first to isolate the 
bacterium [159, 206]. Gram-negative, rod-shaped Yersinia spp. belong to the 
family Enterobacteriaceae and include 11 species. Of these 11 species, three 
are pathogenic to humans: Yersinia pestis, Yersinia enterocolitica, and 
Yersinia pseudotuberculosis [206, 260]. During infection, these three 
bacterial strains all have a tropism for lymphatic tissue, where they survive 
and multiply. However, the diseases these three strains cause vary greatly. 
Yersinia pestis, the causative agent of bubonic and pneumonic plague, is one 
of the most pathogenic bacteria in human history. It is responsible for three 
known pandemics: the Justinian plague, the Black Death, and modern day 
plague and in total has killed an estimated 200 million people [159, 206]. 
Yersinia enterocolitica and Yersinia pseudotuberculosis cause a self-limiting 
gastrointestinal disease, yersiniosis, characterized by abdominal pain and 
diarrhea [52, 246].  

The eight remaining species, Yersinia aldovae, Yersinia bercovieri, 
Yersinia frederiksenii, Yersinia intermedia, Yersinia kristensenii, Yersinia 
molaretii, Yersinia rohdei, and Yersinia ruckeri are widespread 
environmental bacteria usually not associated with disease [260].  

Plague  
Plague primarily affects rodents but several other animal species can be 
infected including cats, rabbits, camels and humans [53]. Rodent-to-human 
plague transmission most often occurs via the bites of infected fleas 
associated with peridomestic or wild animals. The oriental rat flea 
(Xenopsylla cheopis) is the classical vector for plague [206]. Although it is 
unusual, infection can also result from direct contact with contaminated 
liquids or by inhalation of infected aerosols, for instance during the handling 
of animal fur. Human-to-human transmission of plague may also occur by 
breathing in infectious respiratory droplets from patients suffering from 
pneumonic plague [53].  

There are two major clinical forms of plague, bubonic and pneumonic. In 
both forms, the incubation period commonly varies from a few hours to five 
or six days. Usually the onset of the disease is sudden and severe, and 
characterized by a quick rise in temperature to about 39.5-40˚C in a few 
hours [53]. 

Bubonic plague is the most common form of the disease. Patients usually 
develop symptoms of fever, headache, and chills [206]. After a flea bite, the 
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transmitted bacteria multiply and sometimes cause a small vesicle that 
develops into a painful, dark, and necrotic carbuncle. Even though this skin 
lesion is not always present, it is a well known and valuable indication of 
plague. The bacteria then disseminate from the bite site to the local draining 
lymph nodes where they multiply, which leads to the swellings of the lymph 
nodes referred to as buboes (thus the name bubonic plague). Most often, the 
bacteria then spread from the lymph node, via the bloodstream, to the 
spleen, liver, and sometimes lungs, causing serious bacteremia and sepsis. In 
the absence of proper treatment, the mortality rate of bubonic plague is 
between 40-70% [53, 206].  

Although it is a relatively rare occurrence, the bacteria can spread to the 
lungs, resulting in pneumonic plague, an even more severe form of the 
disease. In addition to fever, headache, and abdominal pain, the patient 
exhibits lung symptoms such as cough and bloody sputum. The disease 
spreads rapidly from human to human via respiratory droplets from a 
patient with lung infection [53]. Without treatment, the mortality rate from 
pneumonic plague is close to 100%, and the patients usually die within three 
days [53, 206, 217]. 

For diagnosis of plague, bacterial identification of Y. pestis can be carried 
out on biological samples such as bubo aspirate, blood, sputum, scraping 
from skin lesions, cerebrospinal fluids, or organs [53, 206, 217]. Y. pestis 
isolates from humans have generally been shown to be susceptible to β-
lactams, tetracyclines, aminoglycosides, chloramphenicol, and 
fluoroquinolones [49], but quite recently, a multi-resistant strain of Y. pestis 
has been reported from Madagascar [49, 53, 217]. 

Despite a substantial reduction in lethality and morbidity, plague has not 
been eradicated. Records from the World Health Organization (WHO) from 
2004 to 2009 showed a total of 12 503 cases of human plague, including 843 
deaths. These cases were reported from 16 countries, predominantly Africa, 
but also in Asia and the Americas [281]. These statistics show a rising trend 
in the incidence of plague since 2005, and this increase in human plague 
cases is in part the result of the return of epidemics in areas where the 
disease has been silent for many years [53, 281]. Because of this, the plague 
is now categorized as a reemerging disease [53]. 

Y. pestis is also considered as a category A organism by the Centers for 
Disease Control and Prevention, meaning that it is a potential biological 
weapon. From 1346-1347, the Tatar army had already applied the idea of 
using plague as as a war strategy, catapulting plague-corpses at their 
enemies. In 1710, also the Swedes had to face this type of biological warfare 
when Russian troops threw cadavers of plague victims at them. The latest 
record of using plague as a biological weapon is from World War II when the 
Japanese army on several occasions released Y. pestis-infected fleas from 
airplanes. The fleas managed to spread the bacteria to humans, but these 
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biological attacks did not result in any large outbreaks. In the future, the 
most likely use of Y. pestis as a biological weapon is release of the aerosol 
form to cause an outbreak of the severe pneumonic plague disease [159]. 
Considering also the finding of a multi-resistant strain of Y. pestis, the use of 
plague as a biological weapon could have devastating consequences. 

Yersiniosis 
Human yersiniosis is caused by two enteropathogenic species, Y. 
enterocolitica and Y. pseudotuberculosis. In contrast to Y. pestis, the 
transmission of these species does not require a vector. Instead, these strains 
can survive in the environment (soil, water, vegetables), and transmission 
occurs by consumption of contaminated food or water, by animal-to-human 
contact, or by human-to-human contact involvning faecal-oral 
contamination [52, 246]. There have also been cases in which erythrocyte 
and platelet transfusions have been contaminated with Yersinia [246].  
Many different animals can be carriers of these two Yersinia species, but pigs 
are the main reservoir [52, 246]. 

Yersiniosis is usually not so severe in humans. The bacteria migrate 
through the stomach and the small intestine to the mesenteric lymph nodes 
(MLN), resulting in a characteristic mesenteric lymphadenitis. The bacteria 
usually do not colonize the spleen, liver, or the bloodstream. Only in very 
rare cases will the bacteria cause septicaemia [52, 301]. The incubation 
period for intestinal yersiniosis is about 3 to 7 days, and the main symptoms 
are fever, abdominal pain, and diarrhea. Sometimes, infection with 
enteropathogenic Yersinia can cause secondary complications such as 
reactive polyarthritis, Reiter’s syndrome, erythema nodosum, and 
glomerulonephritis [52, 246]. 

For diagnosis, Y. enterocolitica and Y. pseudotuberculosis can be isolated 
from blood or other body fluids (cerebrospinal or peritoneal fluid), tissue 
specimens or stool. Most cases of human yersiniosis are self-limited. For 
more severe cases, both Y. enterocolitica and Y. pseudotuberculosis are 
sensitive to several different antibiotics [52, 246].  

Yersinia and the mouse model 
Y. pestis is a pathogen causing a very dangerous disease, plague, that can kill 
many people. Considering newly discovered antibiotic-resistant strains of Y. 
pestis and the potential use of this bacterium as a biological weapon, this 
pathogen poses a significant threat to human health worldwide. To avert this 
threat, one important task is to develop new cures for plague. To achieve this 
goal, studies of Yersinia virulence mechanisms are frequently carried out 
with the mouse as the animal model, and these mouse models remain very 
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important tools for understanding the many important processes of bacterial 
pathogenicity.  

All human pathogenic Yersinia cause a lethal infection in mice that 
resembles the human plague.  For this reason, Y. enterocolitica and Y. 
pseudotuberculosis are relevant models for studying plague without the need 
for the human-lethal Y. pestis [271]. In addition to their importance for 
studying plague, these two strains are also used to learn more about 
gastrointestinal disease. After oral infection, enteropathogenic Yersinia 
passes through the stomach and appears to invade through the mucosa of 
the small intestine by passing microfold cells (M-cells). After making their 
way through the M-cells, the bacteria are transported to gut-associated 
lymphoid follicles called Peyer’s patches (PP) where they replicate. The 
bacteria also spread to and replicate in the MLN. They then break the barrier 
and disseminates via the bloodstream from the MLN to liver, spleen, and 
lungs, causing a systemic infection and death [52, 301].  

In our mouse research, the IVIS (in vivo imaging system) method has 
proven very useful. IVIS technology allows real-time monitoring of the 
bacterial infection by capturing light emitted from live bacteria engineered to 
produce bioluminescence. This system offers several advantages. The setup 
allows non-invasive monitoring of infected animals, which reduces the 
number of animals needed for the experiment. In addition, following the 
same animal throughout infection is possible. 

Y.pestis has recently evolved from Y. pseudotuberculosis 
Y.pestis has evolved from its ancestor, Y. pseudotuberculosis, as recently as 
1500-20000 years ago, shortly before the first known pandemic of plague [1, 
294]. These two species are closely related with a gene homology 
approaching 97% [294]. They are so highly similar that their reclassification 
as two related subspecies has been proposed. However, because of the large 
differences in transmission and disease outcome and the literal importance 
of Y. pestis to human history, medical microbiologists have resisted this 
reclassification of Y. pestis and Y.pseudotuberculosis [1, 206]. In contrast to 
these two very similar bacterial species, Y. enterocolitica is more distantly 
related and seems to have evolved independently [201, 294].  

The reasons why Y. pestis is so pathogenic compared with its recent 
relative Y. pseudotuberculosis are not known, but the answer may lie in the 
mode of transmission. Y. pseudotuberculosis is an enteropathogenic 
bacterium, and its most effective strategy of transmission to a new host is to 
cause diarrhea. Y. pestis, on the other hand, is transferred to the blood of a 
new host via a flea vector. A high bacteremia then increases the chances of 
bacterial transmission through a flea bite. Thus, selective pressure for Y. 
pestis to cause severe disease is strong.  
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Several factors have been proposed to contribute to the altered mode of Y. 
pestis transmission and pathogenesis. Y. pestis has acquired two plasmids 
unique to this species called pMT1 and pPCP1. The pMT1 plasmid encodes 
the F1 protein that forms a capsule on the surface of the bacterium [98], and 
the murine toxin Ymt, which acts as a phospholipase D that is important for 
survival of Y. pestis in the flea [125, 126]. The PCP1 plasmid encodes the 
plasminogen activator Pla, a surface protease that is essential for bacterial 
dissemination from intra-dermal sites of infection, formation of buboes, and 
primary pneumonic plague [113]. Moreover, the chromosomal haemin 
storage locus that encodes outer-surface proteins is required for flea-borne 
transmission [124]. Further, the Y. pestis chromosome genome contains a 
high number of pseudogenes, insertion sequences, and genomic 
rearrangements [55]. In summary, these factors, together with differential 
regulation of pre-existing genes, might explain the transformation of Y. 
pestis from a relatively benign enteropathogen into a highly efficient killer 
[55, 201]. 

The common virulence plasmid of Yersinia 
The virulence of human pathogenic Yersinia depends on the presence of a 
70-kb plasmid [17, 89, 104, 105, 214-216, 303]. This plasmid encodes 
different components that together form a functional type three secretion 
system (T3SS). These include (i) Ysc (Yersinia secretion) proteins required 
for the secretion procedure, (ii) the virulence effector proteins known as 
Yops (Yersinia outer proteins), (iii) proteins essential for translocation into 
eukaryotic host cells, (iv) regulators of secretion and translocation, and (v) 
Syc (specific yop chaperone) proteins that function as chaperones for 
members of group (ii) and (iii) [63, 65, 134].  
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The type three secretion system (T3SS) 
An important bacterial characteristic is the ability to transport proteins 
across their membranes. Secreted bacterial proteins are involved in several 
activities to ensure bacterial survival in a variety of environments. Using 
secreted proteins, bacteria can establish crosstalk with other bacteria and 
also with eukaryotic cells. For this purpose, Gram-negative bacteria have 
acquired a mechanism called the T3SS to deliver bacterial proteins from 
inside the bacteria into the extracellular environment [51, 121, 198, 199]. The 
T3SS enables pathogenic bacteria to translocate bacterial proteins, referred 
to as effectors, from the bacterial cytoplasm into the target cells [97, 100]. 
Inside the host cell, these protein effectors can interfere with host cell 
processes to allow the bacteria to survive and proliferate in a particular niche 
[99, 134].   

The T3SS mechanism is used for a variety of purposes depending on the 
lifestyle and host niche of the Gram-negative bacteria. Several different 
animal pathogens use a T3SS to attack their hosts. As a result, T3SS-carrying 

Figure 1. The type three secretion system (T3SS) is encoded by a common virulence 

plasmid. Identified genes and their direction of transcription are indicated with 

arrows. Reprinted with permission from [234]. 
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pathogens are responsible for many human infections, including the already 
mentioned Yersinia spp., Salmonella spp. (food poisoning and typhoid 
fever), Shigella spp. (dysentery), Pseudomonas aeruginosa (opportunistic 
infection), Burkholderia spp. (melioidosis and glanders), Bordetella spp. 
(respiratory tract infections), Chlamydia spp. (eye- and genital infection, 
respiratory tract infection), and some pathogenic species of E. coli that cause 
gastrointestinal disease [134, 198, 219, 298]. A variety of plant pathogens 
also use a T3SS, including Pseudomonas syringae, Ralstonia solanacearum, 
Xanthomonas campestris, and Erwinia amylovora. These plant pathogenic 
bacteria use the T3SS to cause plant diseases such as bacterial speck, wilt, 
spot disease, blight, and soft rot [134]. Further, another role of the T3SS is 
known for the soil bacterium Rhizobium, which uses this system for 
symbiotic purposes [290].  

The function of the T3SS and its components was first studied and 
characterized in Yersinia spp., but the first visualization of a T3SS came 
from Salmonella [150] and then later Shigella [32, 261] and 
enteropathogenic E. coli [67, 238]. The T3SS of mammalian pathogens has a 
cylindrical structure composed of two pairs of rings that span the inner and 
outer bacterial membranes. These two rings are joined together by a rod. The 
secretion apparatus terminates in a hollow stiff needle, a filament, or a pilus, 
depending on the type of bacteria [97, 100]. Through this needle-like 
apparatus, effector proteins from inside the bacterium are assumed to be 
delivered directly into the interacting host cell. However, a recent report 
demonstrated that effectors located on the surface of Y. pseudotuberculosis 
or Salmonella typhimurium could be translocated into the target cell in a 
T3SS-dependent manner, leading to the proposal of a two-step model of 
T3SS translocation [6]. These results cannot, however, exclude that delivery 
of effectors into the target cell occurs through the needle-like apparatus. 
Thus, the exact mechanism behind effector translocation requires further 
study, and it may be that the two proposed translocation systems function in 
parallel. 

Regardless of the translocation mechanism, effector proteins are delivered 
from the bacterium into the target cell in a T3SS-dependent manner. More 
than 100 different effector proteins are known, and a bacterium harbouring 
a T3SS usually delivers from six to twenty different effectors into the 
interacting host cell. Inside the target cell, these effector proteins have 
different functions and modulate the function of the cell in a variety of ways. 
Depending on the life and strategy of the bacterium, the effectors have 
different targets; by affecting these targets, they enable the bacteria to resist 
phagocytosis by phagocytes, invade non-phagocytic cells, prevent autophagy, 
induce apoptosis, down-regulate proinflammatory responses, or modulate 
intracellular trafficking [66, 284].  
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Yersinia adhesion 
During infection, adherence to host cells is important for enteropathogenic 
Yersinia, and  Y. enterocolitica and Y. pseudotuberculosis harbor two main 
adhesins that are absent in Y. pestis: invasin and Yersinia adhesin A (YadA) 
[140, 142, 223].   

Invasin 
Invasin is a 103 kDa outer membrane protein encoded by the chromosomal 
inv gene. It is a member of the family of outer membrane proteins of Gram-
negative bacteria involved in promoting interaction with target host cells 
[142]. Invasin binds to at least five different integrin receptors (α3β1, α4β1, 
α5β1, α6β1, αvβ1) on host cells and thereby triggers bacterial internalization 
[141]. It is responsible for bacterial attachment to and entry into the M-cells 
of the intestine, an important step during early infection [59, 175]. In 
agreement with this inference, a Yersinia strain expressing a mutated variant 
of invasin showed a slower infection in mice [223]. However, invasin 
mutants show virulence similar to wild-type Yersinia, indicating that invasin 
is not required for Yersinia virulence in mice [204, 223]. 

Invasin has also been shown to be involved in stimulation of T cell activity 
[41], activation of human B cells [169], induction of platelet aggregation 
[243], and production of the proinflammatory interleukin 8 (IL-8) in 
epithelial cells [236]. 

YadA 
YadA is a protein expressed by Y. enterocolitica and Y. pseudotuberculosis, 
but not Y. pestis [82]. YadA has an indirect interaction with β-integrins by 
binding to a variety of extracellular matrix (ECM) proteins such as collagen, 
fibronectin, and laminin, which in turn can recognize β-integrins in host 
cells [82]. During Yersinia infection, YadA is involved in bacterial adhesion 
and entry into host cells [30, 80, 81, 144] and in the absence of invasin, 
expression of YadA is necessary for bacterial attachment [224]. Further, a 
yadA mutant of Y. enterocolitica is completely avirulent in mice, indicating 
that Y. enterocolitica cannot defeat the host defense in the absence of YadA 
[144, 204, 262]. In contrast to its importance during Y. enterocolitica 
infection, YadA does not seem to play an essential role during virulence of Y. 
pseudotuberculosis [36]; however, its status in that context remains unclear. 
Concerning Y. pestis, a functional YadA seems rather to be an anti-virulence 
factor because expression of YadA in Y. pestis reduces its virulence [223]. 
YadA also is involved in stimulation of IL-8 production in host cells [81].    
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Ail, pH6 antigen, and Ifp 
Yersinia also has two other adhesins, pH6 antigen and attachment invasion 
locus (Ail) [29, 135, 162, 212, 258]. Ail promotes tissue culture adherence 
and invasion [88, 148, 212] and is involved in evading the host immune 
response by interfering with the host complement system [16, 29, 146, 148]. 
Ail is important for virulence in Y. pestis [16, 88], but this protein is not 
required for the ability of Y. enterocolitica to establish systemic infection 
[183, 274]. The pH6 antigen is involved in the pathogenesis of Y. pestis [161], 
but the role of this protein in Y. enterocolitica and Y. pseudotuberculosis is 
still unclear.  

Quite recently, a new Y. pseudotuberculosis adhesion protein was 
identified and characterized. This adhesin is called intimin family protein 
(Ifp) and shares similarities with invasin and intimin. Ifp can bind to host 
cells and is proposed to act at a later stage during infection than invasin [213, 
259].  

Phagocytosis 
Phagocytosis (“cell-eating”) is the process of engulfing and clearing large 

particles (>0.5 µm), including bacteria, apoptotic cells, and cellular debris. 
In some unicellular organisms, this process is associated with food intake. 
However, in multicellular eukaryotic organisms, such as mammals, 
phagocytosis is a major defense mechanism of the innate immune system, 
allowing clearance of infectious agents [90, 265]. Cells that phagocytose 
particles are called phagocytes and are usually divided into professional, 
paraprofessional, and non-professional phagocytes, referring to cells with 
high, average, and low phagocytic capacity, respectively. The professional 
phagocytes include macrophages, polymorphonuclear leukocytes (PMNs, or 
neutrophils), and dendritic cells, and these cells have several specialized 
phagocytic receptors and are extremely efficient in phagocytosing particles. 
These professional phagocytes are crucial players of the immune system, and 
they trace and destroy apoptotic or otherwise defective host cells, pollutant 
particles, and, most important, foreign pathogenic organisms. Cells 
designated as non-professional phagocytes can be virtually any kind of cell 
that also can ingest particles, although with reduced efficiency [287].  

Phagocytosis is a rapid process in which the phagocyte ingests its prey in 
less than a minute [66]. The phagocytic process usually starts with 
recognition of the particles by special receptors on the membrane of the 
phagocyte. Because particles of very different natures can be internalized by 
phagocytosis, it is not surprising that many different receptors can mediate 
this process.  These receptors can interact with targets directly through 
ligands naturally expressed on the surface of targets or indirectly by binding 
to targets that are opsonized (coated with host-derived proteins that make 
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the particle susceptible for phagocytosis). Examples of opsonins are the Fc 
portion of the immunoglobulins and the complement components C3b and 
iC3b. The best characterized opsonic phagocytic receptors are the Fc 
receptors (FcαR, FcεR, FcγR) and complement receptors 1 and 3 (CR1 and 
CR3), and these receptors are found on professional phagocytes [90, 265]. 

Other receptors also bind directly to ligands naturally expressed by the 
particle. These types of receptors are called opsonic-independent receptors 
and include β1-, β3-, and β5-integrins, endotoxin receptors (CD14, CD18), 
mannose receptors, the galactose receptor, the β-glucan receptor, and 
scavenger receptors. These receptors are found on professional phagocytes, 
but some, like the integrins, are also found on non-professional phagocytes 
[90, 265].  

Interaction of these phagocytic receptors with their ligand on the particle 
activates them resulting in the initial stage of internalization, which leads to 
induction of actin polymerization, kinase activation, alteration in 
phospholipid metabolism, and acceleration of membrane production [90, 
270, 287]. This initial stage of phagocytosis is then followed by ingestion of 
the particle by formation of an endocytic vesicle called the phagosome, which 
then matures into a phagolysosome during a very complex process involving 
around 600 proteins [75, 265]. Finally, the engulfed particle is digested 
within the phagolysosome using several different degrading mechanisms 
including very low pH, hydrolytic enzymes, antimicrobial proteins and 
peptides, and generation of reactive oxygen and nitrogen species [90, 117, 
263, 265]. 

Yersinia internalization mediated by the β1-integrin-invasin 
interaction 
β1-integrins are large membrane-spanning proteins that link the ECM to the 
cytoskeleton. As adhesion receptors that organize the cytoskeleton of the cell, 
integrins are involved in controlling various mechanisms of the cell, 
including proliferation, spreading, differentiation, apoptosis, and migration 
[276]. β1-integrins can bind the Yersinia adhesion protein invasin with high 
affinity [141, 267], and this β1-integrin-invasin binding leads to uptake of  
Yersinia [84, 110, 133].  

Even though this β1-integrin-invasin internalization of Yersinia is not yet 
completely understood, a model has been proposed to reveal the uptake into 
non-professional phagocytic cells [85]. In that model, invasin on the 
bacterium interacts with β1-integrins on the host cell. This binding leads to 
clustering of the integrins, followed by assembly of specialized adhesive 
structures referred to as focal adhesion complexes. In addition to being a 
structural link between the ECM and the actin cytoskeleton, focal adhesion 
complexes are also important sites of signal transduction. Many signaling 
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molecules are concentrated at these sites, and these complexes thus connect 
integrin-mediated adhesion with signal transduction pathways that control 
various cellular processes [276]. Proteins in these focal adhesion structures 
then transmit signals to the actin cytoskeleton, resulting in actin remodeling 
and internalization of the surface-attached bacterium [85]. The β1 chain of 
the integrin is essential for downstream signaling during the engulfment 
[112, 277], and the proteins involved in this downstream signaling include 
focal adhesion kinase (FAK), Crk-associated substrate (Cas), Paxillin, c-Src, 
spleen tyrosine kinase (Syk), wiskott-aldrich syndrome protein (WASP), and 
the small GTPase Rac1 [8, 9, 11, 23, 26, 133, 178, 208, 286].  

The T3SS of Yersinia 
Yersinia spp. uses the T3SS mechanism to translocate different virulence 
proteins into interacting target cells during infection. Yersinia binds to the 
host cell and upon intimate contact with a target cell the virulence proteins 
are delivered into the host cell.  Inside the eukaryotic cell, these virulence 
proteins interact with different eukaryotic target proteins to inhibit several 
immune mechanisms including proinflammatory responses and 
phagocytosis, the critical process for bacterial clearance. As noted, these 
virulence proteins are called Yersinia outer proteins, or Yops [97].  

The concept of translocation in Yersinia 
When discussing the T3SS, it is important to distinguish between the two 
processes of secretion and translocation. The secretion apparatus described 
earlier can secrete Yop effectors into the environment, but it is not sufficient 
to translocate Yop effectors into the target cell. Secretion thereby refers to 
the active delivery of proteins from the inside of the bacterium to the 
bacterial surface or the surrounding milieu. When the Yop effectors have 
been delivered through the bacterial envelope via the T3SS apparatus, they 
are further transported across the eukaryotic plasma membrane into the 
cytosol of the host cell. This whole process is referred to as translocation and 
describes the direct transport of protein from the bacterial cytosol across the 
eukaryotic membrane into the target cell. Translocation requires intimate 
contact with the target cell and special proteins called translocators. The 
T3SS secretes these translocator proteins, which are believed to form a pore 
complex (translocon) in the eukaryotic plasma membrane. The Yop effectors 
are then transported through this pore complex to reach the cytosol of the 
target cell [50]. In this way, the secretion apparatus and the pore complex 
are assumed to work together to transport the effector proteins from the 
cytoplasm of the bacterium directly into the target cell [64, 155]. In 
agreement with this concept is the finding that the translocation of Yop 
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effectors is polarized, meaning that the protein delivery occurs only in the 
interaction zone between bacteria and the host cell and that no proteins are 
released into the surrounding medium during infection of eukaryotic cells 
[207, 226].  

Regulation of the T3SS of Yersinia 
For a bacterium to achieve a successful infection, it must be able to sense its 
environment to turn virulence genes on or off when needed. This is true also 
for Yersinia and its T3SS genes. Regulation of the T3SS is a complex process 
involving several different environmental signals. 

Temperature regulation of the T3SS 
Because temperature is elevated in a mammalian host compared to the 
environment, many bacteria use temperature as an important environmental 
signal for regulation of virulence gene expression. This is the case for 
Yersinia in which the T3SS is repressed at 26̊ C, and activated at 37˚C [92, 
127, 128]. Thus, the T3SS is inactive when Yersinia is outside of the 
mammalian host, whereas upon infection, the T3SS becomes activated. This 
positive regulation of the T3SS at 37˚C is accomplished by activation of Low 
calcium response F (LcrF) (VirF in Y. enterocolitica), an AraC-like 
transcriptional activator [22, 61, 127, 128, 152, 182, 297]. 

Regulation by calcium 
The concentration of cations usually differs between extracellular and 
intracellular envirnments. Sensing the level of cations in the environment 
can thus be a way for the bacterium to ascertain its location and regulate its 
virulence genes according to the need at the certain location [109]. For 
Yersinia, levels of Ca2+ in the growth medium control the expression of T3SS 
genes. Absence of Ca2+ in the growth medium induces expression and 
subsequent secretion of T3SS substrates at 37̊ C [37, 91, 256]. This response 
does not take place if millimolar levels of Ca2+ are present. For Yersinia, 
depletion of Ca2+ from the growth medium, which stimulates T3SS substrate 
expression and secretion, also induces a growth restriction under which the 
bacterium stops growing [47, 104, 123]. This growth restriction phenomenon 
is referred to as the low calcium response (LCR) [107]. The LCR was first 
believed to reflect a metabolic requirement for Ca2+ [123, 151] but later it was 
reported that the growth arrest most probably was the result of the huge cost 
of producing and secreting T3SS-related proteins [38, 91, 122].  
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Regulation by target cell contact 
For Yersinia, contact with a target cell is required for effector translocation 
in vivo. Intimate contact of Yersinia with eukaryotic cells has been reported 
to trigger expression, secretion, and translocation of effectors into the 
cytosol of the target cell [207, 210, 226]. The molecular mechanism behind 
how Yersinia senses target cell contact is not known, and the process of 
target cell contact and regulation will be discussed further in the Results and 
Discussion section. 

Structural components of the Yersinia T3SS 
Before contact with eukaryotic target cells, Yersinia incubated at the body 
temperature of their host, assemble several copies of a secretion apparatus at 
the surface of each bacterium. This apparatus is known as the Ysc-Yop T3SS 
[65, 97] and is a complex nanomachine that allows bacteria to translocate 
effector proteins across eukaryotic membranes [97]. Genetic analysis has 
suggested that structural components of the T3SS apparatus share a 
common evolutionary origin with the flagellar system [228], which in 
addition to providing motility, can export hook and filament components 
[170, 171].  

The secretion apparatus is made of approximately 25 Yersinia secretion 
(Ysc) proteins [66] and as described earlier (see section, “The Type Three 
Secretion System”), it consists of two cylindrical structures that span the 
inner and outer bacterial membranes. The structure is completed with a 
straight hollow needle protruding from the bacterial surface. The needle is 
usually 60-80 nm long with an inner diameter of 2 nm [66, 97, 129]. This 
needle channel is too small to allow folded proteins to pass through, and 
proteins are thus believed to be delivered through the hollow tube unfolded 
or at least partially unfolded [65, 66].  
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Regulation of secretion 
As described previously, the T3SS is highly regulated with respect to 
induction and assembly, but the processes of secretion and translocation of 
the Yop effectors are also tightly regulated. According to the substrate 
specificity switch theory, the Ysc proteins building up the external needle are 
secreted first [79]. After the secretion apparatus is fully assembled, the 
apparatus switches to secretion of translocator proteins and effector proteins 
[3, 79]. 

When Yersinia does not need its T3SS (e.g., prior to cell contact or in the 
presence of Ca2+), the Ysc secretion machinery is closed. Several proteins 
have been suggested as being involved in the blocking of this channel. YopN 
has been shown to be essential to prevent premature secretion, functioning 
as a gate keeper on either the inner or outer side of the channel [57, 69, 94, 
137, 138]. Further, the proteins LcrG and LcrQ are also, in different ways, 
involved in preventing premature secretion [71].  

During non-permissive secretion conditions, secretion is also controlled 
by a negative feedback mechanism that blocks expression of yop genes. This 
negative regulatory loop involves the LcrQ protein [220]. As long as LcrQ is 
in the cytoplasm of the bacteria, it represses expression of yop genes. Upon 

Figure 2. Schematic illustration of the T3SS of Yersinia. The T3SS spans both bacterial 

membranes and a hollow needle-like structure protrudes from the bacterial surface. In the 

host cell membrane, translocator proteins form a pore complex. Through this apparatus, 

Yop effector proteins from inside the bacterium are assumed to be delivered directly into 

the interacting host cell (printed with permission from Sofie Ekestubbe).    
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host cell contact, LcrQ is secreted, allowing translation of yop mRNA into 
Yop proteins [210]. For the secretion apparatus to recognize them, proteins 
destined for secretion must have a specific secretion signal. The secretion 
signal seems to be somewhat conserved because a secretion apparatus from 
one bacterial species can secrete proteins from other species [58]. Although 
no conserved amino acids or structural motifs of the signal have been 
identified, a short stretch of the N-terminus seems to be enough for secretion 
by the T3SS. The signal was first suggested to lie in the mRNA, but later it 
was shown to be in the amino acid sequence [10, 163-165, 249]. Further, a 
second secretion signal required for translocation, is proposed to be located 
within the chaperone binding region of the Yop effectors [56, 155]. 

Chaperones of the T3SS 
The secretion of some Yop proteins requires assistance of a new type of small 
cytosolic chaperones [279, 280]. The chaperones in the Yersinia Ysc-Yop 
system are referred to as specific Yop chaperone (Syc) proteins. Generally, 
these chaperones are encoded by a gene located next to the gene encoding 
the protein they serve [65, 66]. The chaperones can be divided into three 
classes depending on their substrate. Class I chaperones assist the effector 
proteins and can bind one (Class IA), or multiple (Class IB) effectors. Class II 
chaperones are destined for the pore-forming proteins, and Class III 
chaperones assist in secretion of proteins that polymerize outside the cytosol 
of the bacterium [66, 202].  

Of the Yersinia effector proteins, YopE, YopH, YpkA (YopO), and YopT 
have dedicated chaperones. These chaperones are the Class IA chaperones 
SycE, SycH, SycO, and SycT respectively [93, 136, 157, 280]. The other 
translocated virulence proteins YopJ, YopK, and YopM do not appear to have 
any chaperone. Of the translocator proteins, YopB and YopD are 
chaperoned, both by the Class II chaperone LcrH (SycD) [193]. In the last 
class, ClassIII, chaperones of the flagellar system are grouped [19, 197, 202]. 

Yop proteins of Yersinia 
Several Yop proteins are secreted by the ysc-encoded T3SS of Yersinia. The 
Yop proteins can be divided into two groups, the translocator proteins and 
the effector proteins.  

The translocator proteins 
YopB, YopD, and LcrV are the translocator proteins of Yersinia [65]. 
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YopB and YopD 
YopB and YopD are called “translocators” because they are required for 
translocation of Yop effectors. Both proteins contain hydrophobic domains, 
suggesting that they can act as transmembrane proteins. YopB and YopD can 
interact [193] and together, YopB and YopD are predicted to form a pore 
complex in the eukaryotic plasma membrane through which the effectors are 
translocated. This scenario is supported by the finding that these proteins 
form pores in both artificial membranes and membranes of erythrocytes and 
macrophages [5, 115, 131, 193, 194, 264, 282, Paper I]. However, the 
translocation pore has not been observed using microscopy techniques, and 
the stoichiometry and organization of the components of the pore remain 
unknown. Both YopB and YopD are required for translocation because no 
delivery of effectors occurs in either yopB or yopD mutants [115, 226, 250]. 
Thus, these mutants are also avirulent in mice [115, 119], showing that 
translocation of Yop effectors into the target cell is indeed very important for 
the pathogenesis of Yersinia. 

In addition to being a translocator protein, YopB has been suggested to 
activate proinflammatory signaling in epithelial cells, resulting in IL-8 
production and activation of the nuclear factor kappa B (NFκB), mitogen-
activated protein kinases (MAPK) JNK and ERK, and the small GTPase Ras. 
Not so much is known about how YopB elicits these responses, but this 
YopB-induced signaling is later counteracted by the Yop effectors YopE, 
YopH, and YopJ [283]. 

YopD also displays additional roles besides the essential function in 
translocation. YopD seems to have regulatory effects on other components of 
the T3SS [96, 289]. Further, YopD is translocated into the target cells [95]. 
However, not so much is known about the function of intracellularly 
localized YopD, but the fact that YopD can interact with the effector YopE 
[120] is interesting, and one theory is that YopD might act as an effector 
chaperone inside the target cell [95].  

LcrV 
Low-calcium-response V, or V antigen, (LcrV) is the third translocator 
protein, and in contrast to YopB and YopD, this protein is hydrophilic [65, 
66]. LcrV is localized on the surface of the bacterium before contact with the 
target cell [211] and structural studies have demonstrated that LcrV also 
forms a tip complex on the tip of the needle [188]. LcrV has been shown to 
interact with YopB and YopD [230] and also LcrV seems to function as an 
assembly platform for these two translocators prior to their insertion into the 
target cell membrane [46]. Further, LcrV is also required for translocation of 
effectors [132, 156].  
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In addition to a role in translocation, LcrV has an immunosuppressive 
effect by downregulation of the proinflammatory cytokine TNFα, probably 
through the LcrV induced production of the cytokine IL-10 [244]. 

The effector proteins 
Yersinia uses its T3SS to translocate YopE, YopH, YopJ, YopK, YopM, YopT, 
and YpkA into the eukaryotic target cell [34, 45, 63, 103, 114, 136, 207, 226, 
233, 250, 251, Paper II]. Inside the eukaryotic cell, these virulence proteins 
exert various functions resulting in inhibition of host immune mechanisms 
such as proinflammatory responses and phagocytosis.  

YopJ, a serine/threonine acetyltransferase 
YopJ (YopP in Y. enterocolitica) is a 33 kDa secreted and translocated 
protein. Early studies showed that YopJ induces apoptosis in infected 
macrophages and dendritic cells [184, 186]. The exact mechanism of how 
YopJ induces apoptosis is not known, but it suppresses production of 
cytokines such as TNF-α, IL-12, IL-10, and IL-8 and also surface molecules 
such as major histocompatibility complex class II (MCH-II) by host cells [35, 
83, 200, 233]. The molecular targets of YopJ have been reported to be the 
MAPK kinases (MKKs) of the MAPK signaling pathway and the IκB kinase β 
(IKKβ) of the NFκB signalling pathway [195]. Inhibition of these signalling 
pathways by YopJ is required for dampening immune responses and 
inducing apoptosis of macrophages during infection [200]. The exact 
mechanism of how YopJ affects its targets has remained unclear until quite 
recently when it was observed that YopJ acts as an acetyltransferase, 
acetylating critical serine and threonine residues of  these signaling kinases 
(MKKs and IKKβ).  This acetylation prevents phosphorylation of these 
residues, and in this way, YopJ prevents downstream signaling of these 
pathways [185, 189]. YopJ has also been proposed to be able to remove 
ubquitin or a ubiquitin-like modification from target proteins in host cells; 
however, the targets of the YopJ cysteine protease activity in this mechanism 
have not been identified [196, 284]. 

In terms of virulence, the role of YopJ is less clear. YopJ is not necessary 
for virulence of Y. pestis [284]. In agreement with this, an early study 
indicated that YopJ is dispensable also for virulence of Y. pseudotuberculosis 
[102]. However, in later reports, YopJ was suggested to be important for 
virulence in oral infections with enteropathogenic Yersinia, by participating 
in establishment of systemic infection [44, 187, 269, 302].  
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YopM, a scaffolding protein 
YopM is a protein that contains variable numbers of 20 amino acid leucine-
rich repeats (LRRs) and is the only Yersinia effector that lacks enzymatic 
activity [268]. LRR proteins mediate protein protein interactions, and YopM 
has been shown to interact with two kinases: ribosomal S6 protein kinase 1 
(Rsk1) and protein kinase c-like 2 (Prk2). The results of biochemical analyses 
suggest that YopM binds to and activates Rsk1 and that this Yop then acts as 
a scaffolding protein and binds Prk2, leading to its activation by the bound 
Rsk1 [177]. YopM has also been reported to interfere with innate immunity 
by causing depletion of natural killer (NK) cells during infection. This 
depletion is associated with decreased production of several 
proinflammatory cytokines, but the mechanism behind this remains 
unknown [145]. Further, YopM has a nuclear localization sequence in its C-
terminus and can translocate into the nucleus via a vesicle-associated 
pathway [18, 245]. Because of its possible nuclear localization, YopM has 
been proposed to affect gene transcription. However, conflicting results leave 
this issue open. 

The role of YopM during infection has not been fully elucidated, but 
despite its lack of catalytic activity, YopM is an important virulence factor for 
all Yersinia strains [145, 158, 176, 179, 190, 269].  

YopE, a GTPase activating protein 
YopE is a 23 kDa GTPase activating protein (GAP) targeting Rho GTPases 
[25, 293]. Rho GTPases are small GTP-binding proteins that regulate a 
diverse range of cellular functions including dynamics of the actin 
cytoskeleton and gene expression [15]. The mechanism of binding and 
hydrolyzing GTP is central to the biological activity of these signaling 
molecules. When bound to GTP, the GTPase has a conformation that allows 
interaction with downstream effectors and activation of their biological 
function. However, when the GTPase is bound to GDP, it has a conformation 
that makes the protein inactive. GAPs inactivate Rho GTPases by inducing 
GTP hydrolysis [284]. 

YopE resembles GAP proteins of eukaryotes functionally but not 
structurally.  YopE binds to a target Rho GTPase and introduces its arginine 
finger motif into the catalytic site of the GTPase, which accelerates the 
hydrolysis of GTP into GDP. This process inactivates the GTPase and thereby 
blocks downstream signaling [232, 284]. YopE targets the Rho GTPases Rac-
1, RhoA, and Cdc42 in vitro [25, 293]; however, in vivo, YopE targets Rac-1 
and RhoA, not Cdc42 [5]. Through its GAP activity, YopE disrupts the actin 
cytoskeleton, causing rounding and detachment of infected cells, a 
phenotype traditionally referred to as cytotoxicity [225]. If the arginine 
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finger motif, the arginine at postion 144, is changed into an alanine, YopE 
loses its GAP activity and also its cytotoxic effect [4, 25, 293].  

YopE localizes to the perinuclear membrane region in mammalian cells 
[149, 226], and a membrane localization domain (MLD) covering amino 
acids 54-75 is important for this localization [139, 149]. Further, the 
membrane localization of YopE seems to be very important because a Y. 
pseudtuberculosis strain lacking this MLD failed to induce a full cytotoxic 
response and also was reported to be avirulent in mice [139].  

The major function of YopE is to, together with YopH, YpkA, and YopT, 
contribute to the anti-phagocytic effect of Yersinia to counteract actions of 
the innate immune system [2, 84, 110, 224, 227, 284]. 

In addition to blocking phagocytosis, YopE is also involved in restriction 
of pore formation. According to the microinjection theory for T3SS-mediated 
translocation, the ability of Yersinia to form pores in biological membranes 
is essential for translocation of Yop proteins into the target cell [62]. A multi-
Yop mutant has higher pore-forming activity than wild-type Yersinia [115, 
193], indicating that Yop effectors prevent pore formation. Further, when 
pore formation was measured by lactate dehydrogenase (LDH) release from 
infected cells, YopE was important for the prevention of pore formation, and 
this blockage depended on its GAP activity [5, 282, Paper I].  

Quite recently, YopE-mediated GAP activity against Rac-1 was found to 
affect cytokine production by inhibiting caspase-1-mediated maturation of 
proIL-1β in macrophages [235]. Further, YopE has also been reported to be 
involved in the inhibition of proinflammatory IL-8 release [283].   

During mouse infection, YopE is essential for virulence, where yopE null 
mutants of all three pathogenic Yersinia strains are less virulent than their 
parental strains [92, 166, 206, 257, 269]. 

YopE seems to have several different functions and there might be 
additional important roles for YopE, and this is discussed in the Results and 
Discussion section. 

YopT, a cysteine protease  
YopT is a 35.5 kDa protein found in Y. enterocolitica and some strains of Y. 
pseudotuberculosis, but not in Y. pestis, and this protein was the last effector 
of the T3SS in Yersinia to be identified [136]. YopT, like YopE, affects the 
cytoskeleton of host cells [136]. YopT also achieves this by targeting the 
small Rho GTPases, only in a different way compared to YopE. YopT acts as 
a cysteine protease that cleaves off the lipid modification (prenylation) from 
the target Rho GTPase, resulting in removal of the Rho GTPase from the 
membrane. This change leads to disruption of the actin cytoskeleton in 
target cells [2, 240, 241, 248, 304]. The effects of YopT are similar to those 
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seen with YopE: disruption of stress fibers, cell rounding, and inhibition of 
phagocytosis [284].  

The role of YopT in Yersinia pathogenesis is still unclear. Mouse 
experiments showed that YopT is not required for Yersinia virulence, and 
YopT might actually even decrease Yersinia virulence under some conditions 
[269, 285]. Further, some strains of Y. pseudotuberculosis naturally lack 
YopT, but these strains still are virulent in mouse infection models, 
suggesting that YopT function is redundant because of the effects of YopE. In 
agreement with this idea, introduction of YopT in a yopET mutant of Y. 
pseudotuberculosis could compensate only partially for the absence of YopE 
[285].    

YpkA, a serine/threonine kinase 
Yersinia protein kinase A (YpkA) (YopO in Y. enterocolitica) is a protein 

with multiple functional domains, including a serine/threonine kinase 
catalytic domain in the N-terminus [101]. This domain is followed by a Rho 
GTPase binding domain and finally an actin binding domain [268]. Upon 
translocation into the cell, YpkA binds to actin which leads to activation of 
the kinase. Active YpkA then potentially phosphorylates proteins that play 
important roles in the actin cytoskeleton [143]. In agreement with this 
scenario, YpkA has been shown to disrupt the actin cytoskeleton and 
contribute to the ability of Yersinia to resist phagocytosis [110, 143, 192, 268, 
288]. 

YpkA localizes to the cytoplasmic face of the plasma membrane in 
eukaryotic cells. YpkA can also bind to GDP- or GTP-bound RhoA or Rac-1. 
This interaction does not affect GDP/GTP exchange and is independent of 
YpkA kinase activity, but the function of the binding still remains to be 
elucidated [284]. Quite recently, YpkA was found to inhibit several Gαq 
signaling pathways. Inactivation of Gαq may be involved in the abnormal 
bleeding of plague patients because Gαq knockout mice show increased 
bleeding times and defective platelet activation [192, 268]. 

YpkA has previously been shown to be important for virulence in mice 
[101]; however, in more recent studies, YpkA null mutants of both Y. 
enterocolitica and Y. pseudotuberculosis behaved quite similarly to wild-
type strains and also could spread systemically to liver and spleen as well as 
their parental strains [166, 269].  

YopH, a protein tyrosine phosphatase 
YopH is a 51 kDa protein that is a very potent tyrosine phosphatase [111]. 

Protein tyrosine phosphorylation is a reversible post-translational 
modification that is important for several cellular processes and is regulated 
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by the action of tyrosine kinases and tyrosine phosphatases, like YopH [268]. 
The N-terminal domain of YopH contains a T3SS secretion signal, a 
chaperone-binding site, and a shallow cleft that acts as a substrate-targeting 
domain by binding directly to tyrosine phosphorylated proteins [284]. The 
C-terminal contains the catalytic domain, and substitution of the cysteine at 
position 403 with either serine or alanine inactivates the phosphatase [111]. 
This catalytically inactive YopH protein can form stable complexes with its 
substrates in vivo, enabling the use of this variant as a substrate trap to 
identify host cell proteins targeted by YopH. In the host cell, YopH localizes 
to peripheral focal adhesion complexes [23, 209] where it targets and 
dephosphorylates several different proteins, including Fak, Fyn-T-binding 
protein (Fyb), Src-kinase-associated protein of 55 kDa homology (SKAP-
HOM), Cas, SH2-domain-containing leukocyte protein of 76 kDa (SLP-76), 
and paxillin [23, 24, 26, 28, 106, 116, 208].  

Dephosphorylation of these targets leads to disruption of focal adhesion 
complexes and integrin signaling, resulting in inhibition of phagocytosis [11, 
74, 116, 208, 209]. The impact of YopH is very fast; within 30 seconds after 
the onset of infection, Yersinia, via YopH, dephosphorylates host proteins 
[11], and this rapid response is important for Yersinia to inhibit the fast 
process of phagocytosis. Later during the infection, the YopH-mediated 
activity leads to dephosphorylation of almost all tyrosine-phosphorylated 
proteins in the target cell. This late effect, however, is not crucial for the 
Yersinia-mediated anti-phagocytic response because phagocytosis is a very 
rapid process and the true targets of YopH are likely the proteins that are 
dephosphorylated first [86]. 

The primary function of YopH is to block phagocytosis in macrophages 
and neutrophils, and also to inhibit oxidative burst in these cells [31, 227]. 
Further, YopH can block Ca2+ signaling in neutrophils, which is a very rapid 
tyrosine kinase-dependent signaling event that takes place immediately 
upon bacterial binding [12]. YopH has been suggested to play a role in 
signaling cascades associated with B and T cell activation in which this 
effector seems to inhibit activation of both B and T cells [7, 231, 295]. YopH 
has also been proposed to inhibit production of the proinflammatory 
cytokine IL-8 [283]. 

In vivo studies of the role of YopH have shown that this protein is 
essential for virulence of all three pathogenic Yersinia strains in mice [27, 
38, 145, 166, 209, 269]. 

YopK,  
YopK (YopQ in Y. enterocolitica) is one of the least studied Yop proteins. 
This Yop is a 21 kDa protein that is conserved among the pathogenic species 
of Yersinia [130, 190, 256]; however, it has no sequence homology to any 
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other protein in a bacterium harbouring a T3SS. The expression level of 
YopK is much lower compared to the other Yop effectors, except YpkA [130, 
190, 205], and YopK has no evident functional domains. YopK is presumed 
to play a role in regulation of effector translocation as a yopK mutant has 
been shown to overtranslocate Yop effectors into the target cell [76, 131, 
Paper I, Paper II], whereas overexpression of YopK resulted in lower 
translocation of Yop effectors [76, 131]. Also, YopK seems to control the rate 
of Yop translocation, because a yopK mutant shows faster translocation 
compared to wildtype Yersinia [76]. Further, data from lytic assays point at a 
role for YopK in the lytic effect induced by YopB; a yopK mutant induced 
increased lytic activity in both HeLa cells and erythrocytes, whereas 
overexpression of YopK strongly reduced this effect [131]. In analysis of the 
size of the pore in the membranes of infected erythrocytes using sugar 
moieties of different sizees, YopK was found to influence pore size. Yersinia 
strains without YopK generated larger pores than strains in which YopK was 
present [131]. However, the mechanism behind this phenomenon is 
unknown.  

In previous experiments, attempts to identify the precise location of YopK 
during infection, using traditional microscopy methods, have failed, 
probably because of the the low expression levels of YopK [131]. However, 
quite recently, translocation of Yops into the taget cell during infection has 
been demonstrated using different methods [45, 103, Paper II]. Yet, so far, 
little is known about the exact location of this protein and what YopK is 
actually doing inside the host cell. However, several studies have suggested 
that YopK interacts with the pore complex within the host membrane [45, 
155, Paper II].   Further, a recent report showed that delivery of YopK into 
the target cell is sufficient for the ability of YopK to regulate T3SS-mediated 
translocation [76]. 

Another proposed role for YopK is preventing T3SS-induced caspase-1 
activation and subsequent inflammasome activation. This inhibition by 
YopK is suggested to prevent recognition of the T3SS by the innate immune 
system, which could enhance the survival of Yersinia within the host. The 
YopK-mediated inhibition could result from the ability of YopK to regulate 
the delivery of other Yop effectors [45].   

Despite the observed overtranslocation of Yop effectors, yopK mutants of 
all three pathogenic Yersinia strains are severly attenuated in mouse 
infections [130, 190, 256, 269, Paper II, Paper III]. These phenotypes 
suggest that tight regulation of effector translocation during infection is 
critical for pathogenesis. However, the mechanism behind the role of YopK 
in virulence remains to be elucidated.  

Clearly, YopK is an interesting protein, unique to Yersinia, and seems to 
have different roles during Yersinia infection. However, much more 
probably remains to be discovered concerning the role of YopK during 
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microbe-host interactions, and for this reason, the role of YopK is the main 
focus of the Results and Discussion section.  

Target cells of Yersinia 
Yersinia species colonize several different tissues in mice such as the PPs, 
MLN, spleen, liver, and lungs, depending on the route of infection [88, 167, 
203]. During the beginning of the infection, enteropathogenic Yersinia 
might have an intracellular phase, as they pass through M-cells of the 
intestinal epithelium [59, 175]. Y. pestis is also believed to have an 
intracellular phase because it proliferates in macrophages during early 
infection [168, 254, 255]. However, extracellular growth of Yersinia is 
predominant during most stages of infection [14, 21, 237, 242]. To survive 
and replicate extracellularly, Yersinia uses the T3SS to translocate different 
virulence proteins into target cells. Once inside the eukaryotic cell, these 
effector proteins modulate cellular functions, thus enabling the bacteria to 
inhibit host defenses, including phagocytosis. Yop effector delivery requires 
Yersinia binding to the host cell, where interaction with β1-integrins has 
been shown to play a role [147, 181]. The fact that these receptors are present 
on a large number of cells [40], suggests that Yersinia can deliver Yop 
effectors into numerous cell types. Results of cell culture experiments show 
that Yersinia does effectively deliver Yop effectors into many different 
celltypes, including epithelial cells, macrophages, dendritic cells, 
polymorphonuclear leukocytes (PMNs), B cells, and T cells [44, 68, 110, 251, 
295, Paper I, Paper II]. However, during animal infection, Yersinia species 
seem to have a specificity for delivering Yop effectors into the professional 
phagocytes PMNs, macrophages and dendritic cells [77, 147, 174], where 
PMNs appear to be the primary targets for the translocation of Yop effectors 
by Y. pseudotuberculosis [77]. Depletion of PMNs reduced the total amount 
of translocated Yop effectors, and Y. pseudotuberculosis thus, does not 
randomly deliver Yop effectors into any cell present, but rather selectively 
translocates Yops into PMNs [77].  
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Polymorphonuclear leukocytes (PMNs) 
Polymorphonuclear leukocytes (PMNs, or neutrophils) are the primary 
innate host defense against invading bacterial pathogens. Every day, roughly 
100 billion PMNs enter and leave the circulating blood of humans [275]. 
PMNs have been shown to be very important as a first line of defense in 
innate imunity; thus neutropenia, as well as neutrophil malfunction, results 
in recurrent, life-threatening infections [272]. PMNs are the first immune 
cells recruited from the circulation and bone marrow reserves to the site of 
bacterial infection. At this site of bacterial infection, these professional 
phagocytes bind to and ingest bacteria through phagocytosis. Following 
phagocytosis, PMNs destroy pathogens by a combination of non-oxidative 
and oxidative mechanisms [191]. The oxygen-independent mechanism 
involves three types of neutrophil granules, the secondary granules, the 
tertiary granules, and the azurophilic granules. The secondary and tertiary 
granules are discharged first, and they contain several antimicrobial proteins 
such as lactoferrin, lysozyme, lipocalin, gelatinase, and metalloproteases 
[87]. After these granules, the azurophili granules are discharged. These 
granules harbor small antimicrobial peptides, α-defensins, and antibiotic 
proteases like cathepsin G, proteinase 3, and neutrophil elastase. Azurophilic 
granules also contain bacterial permeability-increasing protein and 
myeloperoxidase (MPO) [39].   

Figure 3. Target cells of Yersinia-mediated translocation of Yop effectors. During 

infection, Yersinia specifically targets the professional phagocytes PMNs, 

macrophages, and dendritic cells. Delivery of Yop effectors into these cells results 

in inhibition of several host immune defences, including phagocytosis, allowing 

Yersinia to survive and proliferate extracellularly and thereby cause disease 

(adapted from [73]. 
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The oxygen-dependent mechanism involves generation of highly 
microbicidal reactive oxygen species (ROS) and is known as the respiratory 
burst. Several ROS are formed during this process. Upon activation of PMNs, 
the large nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
assembles at the phagosomal membrane. The NADPH oxidase then transfers 
electrons to molecular oxygen to generate superoxide and other derivative 
antimicrobial oxidants in the phagocytic vacuole [272]. ROS production by 
the innate immune system has been shown to be very important because 
patients who have a defect in in the NADPH oxidase and cannot produce 
ROS are very susceptible to life-threatening bacterial and fungal infections 
[20, 90]. In addition to ROS, reactive nitrogen species are potent 
antimicrobials. However, it is not completely known what the contribution of 
these substances may be.  

In addition to the intracellular killing mechanisms described earlier, 
PMNs can also kill extracellular bacteria by formation of fibers called 
neutrophil extracellular traps (NETs) [42]. The major components of the 
NETs are DNA and associated histones, but they also contain granule 
proteins [273]. The NETs may facilitate killing of bacteria in two ways, by 
focusing the antimicrobial armory to the site of infection and by preventing 
bacterial spread from the site of infection [43].    

Uptake of bacteria induces a form of PMN cell death. This death is 
dependent on ROS production and is important for the resolution of 
infection and inflammation. After this death, macrophages clear the 
apoptotic PMNs. This is important to limit damage to the surrounding 
healthy tissue [72, 229, 278, 299].  

PMNs and Yersinia 
PMNs are an essential part of the innate host defense against bacterial 
pathogens, and as reported for several other bacteria, PMNs are important 
also in controlling Yersinia infection [60, 154]. Upon mouse infection with 
Yersinia, there is an infiltration of PMNs into several tissues, including PPs, 
MLNs, spleen, and lungs [13, 118, 153, 167, 176, 180, 302]. To survive and 
replicate in the presence of PMNs, Yersinia inhibits the defense mechanisms 
of these cells. To persist extracellularly, all three pathogenic Yersinia species 
can block phagocytosis mediated by PMNs [110, 227, 252, 291, Paper III]. 
This ability depends on the virulence plasmid, and the effectors YopE, YopH, 
YopT, and YpkA have been proposed to play important roles for this 
Yersinia-mediated antiphagocytosis.  

In addition to the mechanisms mentioned above, Yersinia can also inhibit 
PMN-mediated ROS production [227, 247, 252, 292, Paper III], and YopE 
and YopH are the Yersinia effector proteins suggested to contribute to this 
inhibition [227, 247].  
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Aim  

The major aim of this thesis was to investigate the role of the Yersinia 
protein YopK.  More specific aims were as follows: 

 
• Dissect the role of YopK in regulation of effector translocation 

 
• Investigate if there is a eukaryotic target of YopK 

 
• Analyse the role of YopK during in vivo infection 
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Results and Discussion 

The YopK protein of Yersinia  
YopK (YopQ in Y. enterocolitica) is a 21 kDa protein that is conserved among 
the pathogenic species of Yersinia [130, 190, 256]. YopK is unique for 
Yersinia, because no sequence homology to other proteins has been found in 
other bacteria harboring a T3SS, and it has no obvious functional domains. 
YopK is proposed to be involved in regulation of effector translocation; a 
yopK mutant overtranslocates Yop effectors into the target cell [76, 131, 
Paper I, figure 2, Paper II, figure 4], whereas overexpression of YopK results 
in lower translocation of Yop effectors [76, 131].  

YopK localizes with the translocation pore  
We and others have shown that YopK is translocated into the target cell [45, 
103, Paper II, figure 1]. Consistent with this finding are data showing that 
YopK controls the delivery of Yop effectors from within the target host cells 
[76]. However, the precise location of YopK in the host cell has not been 
elucidated. From fluorescence microscopy analysis of cells infected with 
Yersinia, YopK could not be detected in the cytoplasm of the eukaryotic cell 
[45]. In agreement with this, we show that YopK, together with YopB and 
YopD, localizes in the erythrocyte membrane (Paper II, figure 1). 
Interestingly, a yopK mutant inserts much more YopB and YopD into the 
membrane of infected erythrocytes compared to wild-type Yersinia (Paper 
II, figure 1) and also alters the molar ratio of the translocators YopB and 
YopD compared to wild-type Yersinia (Paper II, Figure 1). Moreover, we 
show that YopK can interact with YopD (Paper II, Figure 1), confirming that 
YopK associates with the translocator proteins [45]. In this way, YopK, upon 
translocation into the target cell, localizes at the host cell membrane together 
with the translocator proteins YopB and YopD, where it is suggested to 
stabilize the composition of the translocation pore. These findings are in line 
with previous results indicating that YopK influences pore size. In these 
experiments, Yersinia strains lacking YopK generated larger pores than 
strains where YopK was present [131]. Thus, stabilization of the pore 
complex composition and hence pore size could be a way for YopK to control 
the amount of effector delivery; however, the underlying mechanism of 
translocation control requires further study.  
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Involvement of YopE and YopK in the regulation of Yop 
effector translocation 
As noted, the mechanisms of Yop effector translocation control during 
infection remain to be elucidated. YopK plays a role in this regulation, but 
the precise mechanism is poorly understood, and it may be that the activity 
of yet another effector is involved in this process. In support of this 
hypothesis, we show an overtranslocation phenotype with bacteria lacking 
functional YopE (Paper I, figure 2), and this effect was comparable with the 
hyper-translocation observed with the yopK mutant (Paper I, figure 2). The 
loss of any other Yop did not increase the levels of effector translocation 
(Paper I, figure 2), suggesting that YopE, via its GAP activity, and YopK are 
the important players in the control of translocation during Yersinia 
infection. The involvement of YopE in the regulation of Yop effector 
translocation was later also supported by Dewoody et al., 2011 showing an 
overtranslocation effect by a yopE mutant. However, in that study, the 
translocation phenotype of a yopE mutant was less pronounced in 
comparison with a yopK mutant [76]. Taken together, these data indicate 
that both YopK and YopE are involved in the regulation of Yop effector 
delivery, but the exact mechanism underlying this regulation is still 
unknown. 

One mechanism of regulating Yop effector translocation could be to 
control the process of pore formation. Here we measured pore formation by 
release of the cytosolic enzyme lactate dehydrogenase (LDH) from infected 
cells. Translocated YopE has been shown to have a role in regulating pore 
formation; strains lacking a functional YopE create pores in host cells that 
lead to hemolysis and LDH release [5, 173, 282]. Our data support this 
finding, showing that YopE prevents massive LDH release from Yersinia-
infected HeLa cells (Paper I, figure 1). Further, in agreement with earlier 
findings, we show that this inhibition is dependent on the GAP activity of 
YopE [173, 282, Paper I, figure 1]. Moreover, none of the effector proteins 
YopH, YopJ, YopM, or YpkA are involved in the regulation of pore formation 
(Paper I, figure 1). Further, in this assay, YopK did not appear to be involved 
in regulation of pore formation, because a yopK mutant behaved like the 
wild-type strain, releasing very low levels of LDH (Paper I, figure 1). This 
outcome was surprising considering our results showing the association of 
YopK with the pore complex (Paper II, figure 1) and also previous findings 
suggesting a role for YopK in controlling the translocation pore [131]. These 
contrasting data concerning YopK and pore regulation could probably be 
explained by the fact that two different experimental approaches and also 
two very different cell types have been used (HeLa cells and erythrocytes). 
Thus, although both YopE and YopK are reported to be involved in the 
regulation of pore formation during Yersinia infection, they might be part of 
different mechanisms.  
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To further understand effector translocation control, we investigated the 
idea that Yersinia uses some type of sensor of translocation. We tested this 
hypothesis by analyzing levels of total Yop production in the presence or 
absence of target cells. We demonstrate that whereas wild-type and most 
isogenic mutants show low levels of Yop synthesis in the presence of 
eukaryotic cells, the yopE and yopK mutants show a significantly increased 
Yop synthesis in the presence of eukaryotic cells (Paper I, figure 3). These 
results indicate that the yopE and yopK mutants have lost proper control of 
Yop production during host cell contact. In this way, when optimal 
translocation of Yop effectors has taken place, YopE and YopK present in the 
target cell control the level of Yop production by a feedback mechanism in 
which they signal back to the bacterium to stop Yop production. The 
mechanism behind this signaling is unknown. However, we show that YopE 
relies on its GAP activity for this control (Paper I, figure 3), suggesting that 
this signaling might be connected to the actin cytoskeleton. Moreover, the 
signaling could be transmitted back to the attached bacterium via YopK 
associated with the pore complex in the target cell membrane [45, Paper II, 
figure 1], which is an ideal localization for communication with the 
interacting bacterium. Further, it has been proposed that the needle 
component protein called Yersinia secretion protein F (YscF) senses 
extracellular events and responds by sending a signal along the needle back 
to the bacterium [266], so a role for this protein in this feedback mechanism 
could be possible. Another potential candidate protein for this feedback 
mechanism is LcrV, which forms a complex at the tip of the needle [70]. At 
this location, it could potentially interact with YopK in the target cell, 
suggesting that a role is possible for LcrV in receiving the signal that then 
can be propagated down the needle.  

Proper translocation of Yop effectors is thought to be very important for a 
successful Yersinia infection because all Yersinia mutants that have lost 
their feedback control of Yop effector expression and translocation also are 
avirulent in mice [5, 92, 130, 166, 190, 206, 256, 257, 269, Paper III]. Thus, 
virulence and the ability to translocate a controlled amount of Yop effectors 
correlate in the animal model. In agreement, we show that a yopEyopK 
double mutant is even more attenuated in mouse virulence compared to the 
single yopE and yopK mutants (unpublished data). These results support the 
suggestion that YopE and YopK function together in maintaining a proper 
Yop effector translocation control, which is essential for a successful Yersinia 
infection. Why a fine-tuned delivery of Yop effectors during Yersinia 
infection is important remains unknown, but this subject will be discussed 
later in the Results and Discussion section. 
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YopK interacts with the host cytosolic protein RACK1 
YopK is delivered into and works from inside of the target host cell, but has 
no reported eukaryotic target protein. Using a yeast two-hybrid screen, we 
show that YopK can interact with the eukaryotic scaffolding protein receptor 
for activated C kinase (RACK1). RACK1 is a cytosolic WD-40 repeat protein 
that was originally identified as a protein that binds to and stabilizes protein 
kinase C [221]. Interestingly, RACK1 also interacts with the cytoplasmic 
domain of β1-integrins [48, 160, 300], which function as receptors for 
Yersinia on the target cell surface [142].  

Using pull down assays, we further confirmed the binding between YopK 
and RACK1 (Paper II, figure 2), these results together indicate that YopK can 
interact with RACK1 in the eukaryotic cytosol; therefore, this interaction is 
biologically relevant. In addition, we show that the binding of YopK to 
RACK1 is direct and not mediated by a bridging eukaryotic molecule.  

We also mapped the interaction between YopK and RACK1 and found that 
amino acids 45 and 46 in YopK are essential for binding to RACK1 (Paper II, 
figure 2). To create a YopK protein that can no longer interact with RACK1, 
we developed a mutant strain, denoted yopKAA, in which these two amino 
acids were changed to alanines (T45A, D46A). Interestingly, this mutant 
strain, similar to the yopK null mutant, overtranslocated Yop effectors 
(Paper II, figure 4), associated with YopB and YopD in membranes of 
infected erythrocytes, and also affected the composition of the pore complex 
in the erythrocyte membrane (Paper II, figure 1). We further show that this 
yopKAA mutant is attenuated similarly to the yopK mutant during mouse 
infection (Paper II, figure 2). Thus, a Yersinia strain containing a YopK 
protein that cannot bind to RACK1 behaves like a yopK null mutant in 
several aspects, including virulence, suggesting that the interaction with 
RACK1 is important for YopK function. 

Efficient Yersinia-mediated antiphagocytosis requires 
RACK1  
To investigate if RACK1 is involved in bacterium-induced β1-integrin-
mediated events, such as phagocytosis, we created stable HeLa cell lines with 
downregulated levels of RACK1 (Paper II, figure 3) and used them in 
bacterial internalization studies. In analogy with previous studies [222], 
control HeLa cells showed a high bacterial internalization of the plasmid-
cured avirulent Yersinia strain, whereas the corresponding wild-type strain 
could block phagocytosis to a high extent [222, Paper II, figure 3]. Also the 
yopK null mutant blocked phagocytosis of control HeLa cells, whereas a 
strain overexpressing YopK was less efficient in that aspect (Paper II, figure 
3). Because control HeLa cells and the RACK1 RNAi cells phagocytosed a 
plasmid-cured avirulent Yersinia strain to the same extent, we conclude that 
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eukaryotic cells do not require RACK1 to engulf Yersinia (Paper II, figure 3). 
Interestingly however, wild-type Yersinia showed a significant reduction in 
the ability to block phagocytosis by the RACK1 RNAi cells (Paper II, figure 
3), indicating that wild-type Yersinia needs or uses RACK1 for efficient 
antiphagocytosis. This finding is the first example of a cell line that is at least 
partially resistant to the otherwise effective antiphagocytosis mediated by 
wild-type Yersinia. Further, we show that the yopK null mutant could block 
phagocytosis in either cell type (Paper II, figure 3), suggesting that the 
presence of RACK1 is not as important for the antiphagocytosis mediated by 
this strain. Based on these results, we propose that wild-type Yersinia needs 
RACK1 in the target host cell to achieve an efficient antiphagocytosis.  

To understand more about what RACK1 does during Yersinia infection, 
we analyzed the role of this protein in Yersinia-mediated translocation and 
cytotoxicity. In contrast to its role in Yersinia-mediated antiphagocytosis, we 
show that RACK1 does not affect the level of Yop effector translocation into 
target host cells (Paper II, figure 4); thus, the reduced capacity of wild-type 
Yersinia to block phagocytosis in RACK1 RNAi cells does not result from the 
presence of fewer antiphagocytic effectors in these cells. Further, we also 
show that control HeLa cells and RACK1 RNAi cells were similarly affected 
by the cytotoxic capacity of the wild-type, as well as the yopK mutant strain 
(Paper II, table 2). Therefore, in contrast to its importance for the rapid 
process of antiphagocytosis, RACK1 does not seem to play a role in the later 
occurring cytotoxic response. 

Taken together, these results indicate that neither translocation of 
effectors nor the cytotoxic response requires RACK1. Moreover, 
antiphagocytosis and cytotoxicity seem to be two distinct events during cell 
infection, in which the YopK-RACK1 interaction is needed only for the 
immediate local effect of antiphagocytosis. Further, the observation that 
wild-type Yersinia can induce cytotoxicity but not efficient antiphagocytosis 
in RACK1 RNAi cells, in spite of a proper translocation into these cells, 
suggests that antiphagocytosis requires some additional control of Yop 
delivery, possibly mediated by YopK.  

We also show that during internalization of Yersinia, RACK1 is found in 
association with phagocytic cups where the HeLa cell membrane partially 
surrounds the bacteria (Paper II, figure 5). This discovery implies that 
RACK1 that in resting cells localizes in the perinuclear area, is engaged 
during β1-integrin-mediated engulfment of Yersinia, where it is recruited to 
areas near the extracellular bacterium. Considering our finding that YopK is 
associated with the translocation complex on the cytosolic side of the host 
cell plasma membrane, the localization of RACK1 upon Yersinia binding 
strengthens our hypothesis that YopK targets RACK1. 
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Proposed model of how Yersinia uses RACK1 for efficient 
antiphagocytosis 
Based on our findings, we propose a hypothetical model of the YopK-RACK1 
interplay (Paper II, figure 6). When Yersinia binds to β1-integrins on the 
target cell, these receptors are clustered and activated. This activation leads 
to recruitment of signaling proteins, including RACK1, to the area of 
bacteria-target cell contact. This localization enables YopK to interact with 
RACK1, and we propose that by its association with β1-intregrin-connected 
focal adhesion signaling proteins, RACK1 functions as a marker of an active 
phagocytic machinery. Thus, by binding RACK1, YopK, which associates with 
the translocation pore, ensures that the translocated Yop effectors are 
immediately directed to their key targets, proteins involved in β1-integrin-
mediated phagocytosis. In support of this idea is the fact that RACK1 binds 
FAK [239], which is a target for the antiphagocytic effector YopH [208].  In 
this way, the YopK-RACK1 interaction secures specific and directed delivery 
of the antiphagocytic Yop effectors to the “right place”, where they instantly 
inactivate their targets, resulting in a rapid and efficient antiphagocytosis.  

In the absence of RACK1, this spatial control of the translocated Yop 
effectors is lost, leading to unorganized Yop delivery. This loss decreases the 
amount of Yop effectors delivered at the “right place”, resulting in a less 
efficient antiphagocytosis. In the absence of YopK, Yersinia can still block 
phagocytosis in RACK1 RNAi cells, probably because of the overtranslocation 
phenotype [76, 131, Paper I, figure 2, Paper II, figure 4]. Although the 
effector delivery in the absence of the YopK-RACK1 interaction is random 
and disorganized, the excess of Yop effectors inside the cell ensures that 
enough Yop effectors will find and inactivate their targets, leading to 
antiphagocytosis. Thus, the increased amount of Yop effectors translocated 
by a yopK mutant overcomes the need for the YopK-RACK1 interaction. 
However, yopK mutants are still avirulent [130, 190, 256, 269] indicating 
that hypertranslocation of Yop effectors is not a successful strategy for 
bacterial survival in vivo. 

Taken together, we propose that Yersinia uses YopK, which is unique to 
Yersinia, to target RACK1 and perform the efficient process of Yersinia-
mediated antiphagocytosis, which in one way is unique to Yersinia in that it 
is immediate, in contrast to other pathogenic bacteria harboring a T3SS [54, 
108, 172, 218], is immediate. In this way, YopK is not only important for the 
control of the amount of Yop effectors translocated into the target host cell 
but also plays a role in directing the effectors to the right place.    
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Yersinia needs YopK to spread systemically and cause 
disease 
Not so much is known about the specific role of YopK during in vivo 
infection. We show that animals infected by wild-type Y. pseudotuberculosis 
exhibit clear signs of disease whereas mice infected with the yopK mutant 
appeared perfectly healthy (Paper III, table 1). From analysis of dissected 
organs from infected mice, we show that wild-type Yersinia can colonize PP 
and MLN and also spread systemically to liver and spleen (Paper III, figure 
1). The yopK mutant strain can also colonize PP and MLN, but in agreement 
with previous studies [130, 269] and in contrast to wild-type Yersinia, this 
mutant cannot spread systemically to liver and spleen (Paper III, figure 1). 
Therefore, a yopK mutant cannot break the barrier and become systemic and 
consequently it cannot cause full disease in mice. These findings indicate 
that YopK is important for a successful Yersinia infection.  

To understand the mechanism underlying the difference in spreading 
capacity between wild-type and yopK mutant Yersinia, we analyzed the early 
steps of Yersinia infection by immunofluorescence staining of bacteria in the 
PPs. We show that, in contrast to wild-type Yersinia, the yopK mutant 
colonized the PP already at day 1 post infection (p.i.) (Paper III, figure 2). 
Further, at day 3 p.i., there were bacterial foci in PP from mice infected with 
both wild-type and yopK mutant strains (Paper III, figure 2). However, once 
wild-type Yersinia established a colonization of the PP, they formed 
considerably larger foci structures compared to yopK mutant Yersinia 
(Paper III, figure 2). Thus, the yopK mutant strain has a different 
colonization pattern during early infection, which might be connected to its 
inability to spread systemically and cause full disease. We further show that 
this early colonization of the PPs affects the host innate immune system 
because PMNs infiltrated PPs already at day 1 p.i. in mice infected with the 
yopK mutant but not PPs in wild-type infected mice (Paper III, figure 2). In 
this way, a more efficient early colonization by the yopK mutant leads to an 
earlier innate response compared to the wild-type strain. 

Why the yopK mutant shows this different colonization pattern is 
currently unclear. As described earlier, a yopK mutant strain 
overtranslocates Yop effectors into the target cell [76, 131, Paper I, figure 2, 
Paper II, figure 4] and hence causes hyper-cytotoxicity [131, Paper II, table 
2]. Maybe both the faster entry into the PPs, accompanied by an earlier 
innate immune response, and the smaller foci formed by the yopK mutant 
during infection might result from the more aggressive behavior of this 
mutant strain. This behavior of the yopK mutant, however, does not affect 
the ability of this strain to spread from the PP to the MLN, but it might 
influence the ability to cause optimal colonization required for systemic 
spread. It is possible that the unintended Yop translocation by the yopK 
mutant leads to an increased or early activation of the immune system, 
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which could result in difficulties for the yopK mutant to break the barrier 
and spread systemically.  

YopK is important for the Yersinia-mediated defense 
against PMNs 
Because bacteria lacking YopK behave differently during the initial phase of 
infection and cannot spread systemically, YopK might play a role in the 
interplay of bacteria and the innate immune defense. PMNs are very 
important for clearance of bacteria and are also the main target cells for 
Yersinia-mediated translocation of Yop effectors [77]. Hence, PMNs might 
be key players during Yersinia infection, so we analyzed Yersinia infection of 
PMN-depleted and non-depleted mice. As for the previously described 
experiment, we used the IVIS technology during this experiment. 
Interestingly, we show that depletion of PMNs completely restores the ability 
of the yopK mutant to spread systemically to liver and spleen and cause 
disease (Paper III, figure 3 and table 1). Similar to what we show with YopK, 
virulence of a yopM mutant has been shown to be restored in the absence of 
PMNs [296]. Therefore, the ability of Yersinia to cause disease in the 
presence of recruited PMNs probably involves several virulence mechanisms 
in which different Yop proteins contribute to a completely PMN-resistant 
phenotype of this pathogen. 

In line with our previous observation (Paper III, figure 2), we show, by 
IVIS analysis of organs, that a yopK mutant colonizes the MLN earlier (day 1 
p.i.) than wild-type Yersinia (day 3 p.i.) (Paper III, figure 3). Further, we also 
show that, in PMN-depleted mice, the yopK mutant spreads systemically 
already at day 3 p.i. whereas systemic spread of wild-type Yersinia was not 
detected until day 5 p.i. in either PMN-depleted or non-depleted mice (Paper 
III, figure 3). Hence, the yopK mutant colonizes both PPs and MLNs more 
rapidly compared to the wild-type strain and also appears to be more prone 
to spreading systemically in PMN-depleted mice. These findings suggest that 
the proposed more aggressive behavior of the yopK mutant bacteria not only 
is important for the initial colonization but also might be relevant for the 
systemic spread in PMN-depleted mice.  

Further, infection with wild-type Yersinia resulted in a significantly 
higher overall colonization in non-depleted mice compared to that in PMN-
depleted mice (Paper III, figure 3). This result was quite unexpected because 
PMNs have been shown to be important for the control of Yersinia infection 
and in previous studies, an absence of PMNs has resulted in higher bacterial 
numbers [60, 78, 154]. In contrast to those reports, our results indicate that 
the presence of PMNs positively affects efficient colonization by wild-type 
Yersinia.  
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To further investigate the effect of YopK on PMNs, we performed in vitro 
infection analyses with PMNs purified from human blood.  We here show 
that the yopK mutant blocks phagocytosis, ROS production, and NET 
formation by PMNs as efficient as wild-type Yersinia (Paper III, figure 4), 
demonstrating that YopK does not contribute to Yersinia-mediated blocking 
of either phagocytosis, ROS production, or NET formation. However, when 
we analyzed bacteria-induced PMN cell death, we observed that a yopK 
mutant had a completely different effect on PMN cell death compared to the 
wild-type strain. In contrast to the wild-type strain, which induced almost no 
PMN cell death, the yopK mutant induced massive PMN cell death (Paper 
III, figure 4). This result implies that the wild-type strain can silence 
bacteria-induced PMN cell death, whereas the yopK mutant has lost the 
ability to do this and instead triggers a massive PMN cell death. We suggest 
that this effect is specific to YopK because infection with other Yop-mutants 
resulted in a silencing effect similar to that observed with the wild-type 
strain (Paper III, figure S2). The mechanism behind the destructive effect of 
the yopK mutant on PMNs is not known. YopK has been proposed to prevent 
T3SS-mediated inflammasome activation [45], so it may be that the absence 
of YopK triggers activation of the inflammasome, which could result in 
increased PMN cell death. Another hypothesis is that YopB has a role in this 
process. YopB has been reported to have lytic and stress-related effects on 
target cells [282, 283]. Thus, it is possible that this protein, which is present 
in enhanced levels in the target cell membrane during infection with the 
yopK mutant (Paper II, figure 1), plays a role in the increased PMN cell 
death. 

Further, the wild-type-mediated silencing of PMN cell death is interesting 
and likely important for this strain to be able to resist the PMN defense. 
Killing of macrophages has been reported to be advantageous to the 
pathogen, whereas bacterial-induced PMN death has been proposed to be 
beneficial for the host and its ability to clear the infection [72]. In agreement 
with this line of reasoning is the fact that Yersinia, via YopJ, induces 
apoptosis in macrophages but not in PMNs [253]. Further, in the case of 
Mycobacterium tuberculosis, control of PMN apoptosis is beneficial for the 
pathogen and described as a virulence mechanism that allows optimal 
growth, survival, and transmission of the bacteria during infection [33]. This 
scenario could also possibly be the case for Yersinia because the fully 
virulent wild-type strain silences PMN cell death, whereas the avirulent 
yopK mutant strain cannot perform this silencing mechanism.  

Taken together, we show here that YopK is required for Yersinia to evade 
the PMN defense and spread systemically. We hypothesize that YopK does 
this by allowing a controlled and directed translocation of Yop effectors that 
is just enough to inhibit important antimicrobial defenses by the host cell but 
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not too much to trigger the PMNs, which would be beneficial to the host-
mediated immune response.  
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Conclusions 
 

 YopK is translocated into the target host cell where it associates 
with, and affects the composition of, the translocation pore. 

 YopK is, together with YopE, involved in the regulation of Yop 
effector translocation. 

 YopK interacts with the eukaryotic scaffolding protein RACK1. 

 The YopK-RACK1 interaction is important for efficient Yersinia-
mediated antiphagocytosis. 

 YopK influences early colonization during Yersinia infection. 

 YopK is important for the ability of Yersinia to overcome the PMN-
mediated defense and spread systemically and cause full disease. 

 YopK is required for Yersinia-mediated silencing of PMN cell death.  
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